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Because of a change-over from semi-annual to quarterly technical
progress reports, effective June 1970, this technical report actually
covers the progress since April 1, 1970. Since the summer of 1969,
the main technical objective of this program has been the under-
standing of the process of stimulated concentration scattering. This
is a scattering of intense light beams in a fluid mixture caused by
concentration fluctuations at constant pressure and temperature.
Since the atmosphere is a mixture of different gases, such processes
might, in principle, affect the propagation of intense light beams in
the atmosphere. Fortunately, the theory predicts that the concen-
tration scattering in the atmosphere is negligible compared to
Rayleigh scattering caused by temperature fluctuations and reorien-
tation of anisotropic molecules. The theory predicts that stimulated
concentration scattering could only become of comparable importance
in a gaseous mixture where the constituents have a very large
difference in mass and in polarizability. Appendix 1l contains a
detailed analysis which was completed during this reporting period.
This material has also been accepted for publication in the Physical
Review. .

The long term experimental effort of the past two years has also
come to fruition during this period. The experimental demonstration
of stimulated concentration scattering has been achieved in a mixture
of SF6 and helium gas. This subject matter is described in more
detail in Appendix 2. It has been submitted for publication in
Physical Review Letters and was presented in a paper read at the
International Conference ou Quantum Electronics in Kyoto, Japan,

September 1970.
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APPENDIX A

*
THEORY OF STIMULATED CONCENTRATION SCATTERING

N. Bloeabergen,* H. Lowdernilk,* M. Matsuoka 2nd C. S. Wang

Division of Engineering and Applied Physics
Harvard University, Cambridge, Massachusetts
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- \ ABSTRACT

~-» From the general formulation of the coupling of a laser wave
and a scattered light wave with density, temperature and concentration
fluctuations in a binary fluid mixture, an expression for the gain é;
of stimulated concentration scattering ;a derived. It is shown that
this gain is usually much smaller than the gain four stimulated Brillouin
scattering, ;;. However, in gaseous mixtuces at relatively low pressures,
with a large difference in polarizability as well as in mass between the
two components, q; can become larger than éB' A large difference in polar-
izabilities increases the coupling of light to the concentration fluctua-
tions, while a large difference in mass produces a pronounced increase in
damping of a sound wave. The calculated values for 3c/g; are coupared

]
i

with experimental results.
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I. Introduction

Spontaneous light scattering from fluids has a long history.
The spectral triplet in the scattered light spectrum, consisting of a
central (Rayleigh) peak and a Brillouin doublet, is well known.l’2
The low lying excitations of the medium involved in these scattering
processes are the thermal diffusion and the acoustical phonon modes
respectively. In a binary mixture of fluids the Rayleigh cross sec-
tion for the central component can be very much enhanced, because the
contribution from concentration fluctuations can be larger than that
from temperature fluctuations. There are, of course, many other types
of excitations which contribute to the scattered light spectrum. Exam-
ples are rotational motions or librations of anisotropic molecules
(inelastic Rayleigh wing scattering) and vibrational excitations or
optical phonon modes (Raman scattering). All of these spontaneous scat-
tering processes have been studied with renewed vigor and much greater
precision by means of gas laser beams during the past decade.z’3

In principle there are stimulated scattering processes associ-
ated with each spontaneous process.a The intensity in a scattered mode
can be amplified exponentially with a gain coefficient proportional to
the incident laser intensity. If this gain coefficient is larger than
the unavoidable (linear) absorption and spontaneous scattering losses,
some preferred ecattered light modes may build up to very high intensi-
ties. Usually the stimulated process with the lowest threshold is dominant
and may deplete the laser intensity before other processes can be stimulated.

Due to differences in a transient response it is sometimes possible to

excite two or more stimulated processes with a high intensity laser pulse.
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Since the response of low-lying hydrodynamic excitations is slow, they
are best stimulated in relatively long laser pulses. The results of a
steady state gain llieory are valid in the limit that the spectral width
of the laser is smaller than the spontaneous line width divided by the
gain coefficient.

Stimulated Brillouin and Raman scattering are most frequently
observed, and their relative steady state and transient characteristics
have been studied in detail. Stimulated Rayleigh wing scattering in
liquids from anisotropic molecules is also well established.4

Stimulated scattering associated with the sharp central Rayleigh
peak ir more difficult to demonstrate experimentally without ambiguity.
It is characterized by a small frequency shift and is usually difficult
to stimulate by the short pulses from Q-switched lasers. The thermal
Rayleigh scattering from temperature fluctuations induced by absorption
has bcen demonstrated conv:l.ncingly,s’6 and the thermal scattering induced
by the electro-caloric effect in a non-abcorbing fluid has been discussed
in several papers by Fabelinskii and coworkers.6

Two experiments have been reported which claim to have demon-
strated stimulated concentration scattering. One of these was concerned
with a binary mixture of 11qu1ds,7 the other with a mixture of gases.8

It is the purpose of this paper to present a systematic investigation,

analyzing the relative importance of the stimulated scattering from den-

sity, temperature and concentration fluctuations. In section II we present

the relevant dynamical equations of a fluid mixture and discuss their range

of validity. In section III the coupling mechanisms with the electromag-

netic fields are analyzed. The concentration scattering can easily be made
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to dominate the thermal scattering, but the ever nresent Brillouin scat-
tering usually has a much higher gain. The steady state solutions for
stimulated concentration and Brillouin scattering from a binary fluid
mixture are given in section 1IV. It is shown in section V that the
stimulated concentration scattering can become dominant only in selected
situations, e.g. in a binary gas mixture at relatively low pressure with
two components with large differences in mass and polarizability. Numer-
ical calculations on the competition between stimulated Brillouin and
concentration scattering are compared with recent experimental results.7-
The agreement is satisfactory, but our calculations show some doubt on
the correctness of the interpretation that stimulated concentration scat-

tering was responsible for the earlier observations.7’8



! II. Review of the Dynamical Equations in a Fluid Mixture
Consider & mixture of two fluids.10 Let there be N1 molecules
of mass m, and NZ molecules of mass m, per unit volume. The chemical

potentials of the two species are ¥y and H,y respectively. The differ-

ential free energy may then be expressed as

i .
dF SAdT-PdV + uldN1 + uszz . (1)
i The mass density is
= = ' iy o
p=Nm + N,m, N[c m, + (1-c )mZ] , (2)

!

b where N is the total numher of particles per unit volume and c' is the
relative number concentration of the first species. It is related to the
relative mass concentration c by,

: : c=¢d [c¢'*+ (1-¢") (mzlml) ]-1 (3)

E and

3

-1
E 3 <3c' mm, [mzc + (l-c)mll2
., “\3c - ; — " (4)
ac [mlc + mz(l—c ) ] m m, .

If pressure, temperature and mass concentration sre taken as
independent variables, the total differential of the Gibbs free energy per

unit mass may be written as,

gl Kl

d¢=-~3dT+vdP+udec 5 (5)

where the chemical potential of the mixture per unit mass p has been introduced,

Mo (up/m) = (uy/my) : (6)




The diffusion current may be expressed as,

i=aVyu-BVT

¢))
where the last term represents the thermal diffusion. The heat current
is given by, ,
q = QH%!) i-kVT. (8)
The last term represents the he t current in the absence of diffusion.
These convection equations are valid if the relative variation of the
thermodynamic quantities over a mean free path of the molecules is small.
The chemical potential u is expanded as a function of P,T and ¢
and the coefficients of diffusion, thermal diffusion and barodiffusion
are introduced by the following relations,
-2 (3 - X
R o] (?c)T,P ’ X P cp
PK D
T o ,fon .
T a<a,r> e ¥ B 9)
K, p<a AN ,
9c P,T 9c P,T
For a dilute gas, obeying the ideal gas law, the chemical
potentials of the individual species have the form,
- ]
My = kgT lnc' + y(T) (10)

My = kT la(l-c') + WZ(T) 5

where the Y's are functions of temperature only.
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With these relations one finds,

aw) . T
<3c>T’P c(1l-c) [mzc + (1-¢)m1] (11)
and
: N (m,~m)) c'(l-c")
dc 2™
K'P('a?') - 5 ' (12)

The fundamental hydrodynamic equations for the two component fluid mixture,
which express the conservation of mass, momentum, energy and number of par-

ticles of individual species may be written in the form,
1) Continuity equation (conservation of mass)

%% +div(pV) = o (13)

2) Navier ~ Stokes equation (conservation of momentum)

2_'.:.’ + (Y.grad) Ve - é‘- grad P + g— VZY-"% (-;—n +%) grad div V. (14)

(-3

3) Thermal diffusion equation (conservation of energy)
K :
T T 639 d c T (%;) a P 2
T T 5t to Bl 3E "XV (15)
it Cp ac P,T t p aP T,C it

4) Concentration diffusion equation (conservation of particle number of

individual species)

3¢ _ o2, Xr 2. Kp 2
¢ D[Vc+,r v'r+P— v°p]) (16)



In this macroscopic thermodynamic approach the transport coef-
ficients are regarded as constants, to be obtained experimentally, which
describe the properties of a continuous medium. In a microscopic approach
the macroscopic conservation laws are derived from the Boltzmann equation,
according to the Chapman-Enskog procedure. The transport coefficients are
thén obtained in terms of molecular parameters. When only binary colli-

sions are taken into eccount the following expressions are valid in a mix-

ture of dilute gasesll
/2
. T (n+ w,) /2 _ (r(u+n)/212)l
D= = 2,628 x 10 (rigid
8Ny > 2 mm, P
12 J 1/2 sphere)
: 1/2
-3 (T (M, + M) /24, M, )
= 2,628 x 10 511 " (Lennard-Jones pot.)(17)
P M2 T
n - ) '11 02 (18
' 2
(c' n2112+ (1-c')n 1 1/2) ’
1 g, T\ -5 (MiT)UZ
n, = 3 = = 2.6693 x 10 ©° = , (rigid sphere)
43 b |
i i .
-5 (“1T)1/2
= 2.6693 x 10 eI
3 LI{ Q (T), (Lennard-Jones pot.)
c'(l-¢') N (mz-m )
k' - 1
P p . (19)
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Here 3, and 3 are molecular diameters in the rigid sphere model,

1 13 It

and © are parameters describing the Lennard-Jones interaction potential

LJij
and Q(ij) (le*) are Chapman-Cowling integrals as a function of the reduced
temperature.

For very dilute gases the equations lose their validity, because
the variation of the dynamical variables over a mean free path becomes large.
The dimensionless constant which is characteristic for the transition from

the hydrodynamic to the kinetic regime may be written in the form,12

2
- Ng A
y=/ 81 = = = (20)
k "3/22 ’

vhere A is the wave length of periodic variations and 2 = 1/ Zn Nc!z is

the mean free path. For y > 3 the hydrodynamic equations are valid. To be
sure that we are in the hydrodynamic regime, we have calculated the parameter

y for various gases in table I.



Table I. Gas Parameters for a Rigid Sphere

Model at T = 300°K

° i .
3 (A) M n x 105 g/sec-cm 2 y
'
|
i
H, 2.731 2.016 8.986 .1123/P -3548P
H 2.174 | 4.003 19.821 .1770/P . 3520P
X, 4.916 | 131.3 23.372 .0346/P | 1.800P
SF, 6.323% | 146.05 13.974 .0209/p | 2.978p |
3
:

*Calculated from the measured value of n

J 1is hard sphere collision diameter of the molecule in angstrom

M 1is molecular weight

=l

is mean free path in microns
7 1is the shear viscosity

P 1is the pressure in atmospheres
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III. Coupling with the Electromagnetic Field
In the presence of an electric field the differential free energy
per unit mass has to be augmented by terms due to variations in the electric

field and the dielectric constant and takes on the form,

2
-2 € E* E'de 21
dF = - ST + u de + P p - dp- —k‘—@”p- ST (21)

Here € must be regarded as a function of the variables T, c and P.

It can be shown that the force per unit volume for an uncharged dielectric

13
is changed in the presence of an electric field by an amount,

2 2
l 2(3¢ E ae) E €
8n ap.r’c 8r \dc T 8n oT e, p

The last two terms are usually negligible compared to the first term. The
effect of electrostriction is therefore to add a term -5-1;- v (!2 -g%) to the
right hand side of Eq. (14). For an isotropic fluid without mecroscopic flow,
so that the nonlinear hydrodynamic term (}-V) V may be ignored, the combina-
tion of Eqs. (13) and (14) leads to a small amplitude sound wave equation in
a linearized form,

P
ﬂ.z__o_z(a_e)z)_l__ﬁ > (30
atz v r 87 V(apTE +p° 3n+c v 3t . (22)
,C

In this equation p may be expressed in terms of the independent variables P,

T and c by means of the equation of state

From Eq. (21) it is clear that the entropy per unit mass in the pres-

2
E €
ence of an electric field is changed by an amount 8n p (BT )P c
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In a non-absorbing dielectric the thermal diffusion equation requires a

2
correction term T (gg 3E", In the presence of an optical absorp-
8mpcp \AT ’cat

tion coefficient aopt’ cne has to add another term, so that the thermal dif-

fusion equation becomes,

T T (as) 5 ( ) dc 2 T ae\ el
ar . T (3s *® _ T 3¢ . yv 'r-.—-__(_) 3E_  (23)
ot <p aP T,c ot Cp ac ot 8mp p oT P, ot
conE
+°’opt 81rpcp

In a similar manner the concentration diffusion equation has to be
augmented, because the chemical potential per unit mass is changed by

an amount 1 d€ g2 instead of Eq. (16), the concentration
8wp \¢/p o

diffusion equation becomes,

2. . %

ac
VT+— U°P (24)

3t

-t 8mo -%2 P (F) =]

&

=D [?zc +

To these three equations the wave equation for the electromagnetic

field in the isotropic medium must be added,
2 2
v? E-% L] -—12- 3—2 E (%—P?) P+(§,§) T +(g€) c (25)
c at ce” 3t T,c T,P

Solutions to the set of four simultaneous second order differential equations

~N

(22-25) may be found in the parametric linearized approximation, in which the

laser field

E e1kLz -1uLt

L ceC

N =

EL(x’ t) =
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is considered as a constant parameter. The scattered light is represented
by a backward wave with amplitude Es, frequency Wes and wave number ks,

1

. -1 -ik z-iw t
E, (r,t) =5 E e "8 s

+ cc

Asgsume for the pressure, concentration and temperature variations solutions

of the form,
+ ikz - iwt +

P (g,t) = % P, cc
c (L,t) = % c, e + ke - dwe e (26)
T (r,t) = % T, e +otkz - dwt o

Substitute these expressions into Eqs. (22-25) and ignore all terms higher
than linear in the four small variables Es’ Py» Sy and Tl' With the phase
and frequency matching conditions (momentum and energy conservation between
the waves), k = kL + k’,w - ws, a secular determinant is obtained which
gives a general dispersion relation. Unfortunately this relation is too com-
plicated to afford physical insight and it will not be written out explicitly.
For the special case EL = E8 = 0, absence of the electromagnetic field, the
relation must of course reduce to the description of sound waves in a fluid
mixture.lo Numerous papers have been devoted to the description of stimulated
thermal and Brillouin scattering of light in a single component fluid where

= 0,3 E/ac = 0-11',15.16

The interest in this paper is directed toward the concentration

1

scattering in a nonabsorbing gasecus mixture. A solution for this case will

be presented in the next section, after some explicit expressions for the coup-

9€ 9€

ling coefficients Y] and ErS have been given.

A-13
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For a substance obeying the Clausius-Mosotti relation,

€e-1 _ 4rm T, oo
T 2 3 N[ca1+(1 c)az] .

1 and a, are the polarizabilities of the two molecular species,

where Q

one readily obtains with the aid of Eqs. (2-4),

K3 € € 1
P(—) - p(—) = p(—) = 3 (e-1) (e+2) , (27)
op c,T ap c,T apc:'l‘ 3
and
(e+2)%m, o, N
(a e); i} (a e') 3’ _ 4m 1% (@0 (28)
Scfp,r \3¢'/y, 0 9 (m, ¢ + (1-<:)-1]2 .

For a gas with a small optical density one may put (€+ 2) /3 - 1.
It should be noted that the coupling to the concentration can only

become comparable to the density coupling for a1>>a2.
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IV. Stimulated Concentration and Brillouin Scattering

In a nonabsorbing gaseous mixture the coupling of the tempera-
ture with the electric field and the concentration may be ignored,
aopt-o’ 0€/0T=0 and KT-O’ in Eqs. (23-25). The temperature Eq. (23)
may be combined with the sound wave equation. For small thermal conduct-
ivity X, this leads to a sound wave propagating with the adiabatic velocity
Vg™ YVyp instead of the isothermal velocity Voo and an additional thermal
damping termlo. Here vy = Cp/Cv is the ratio of the specific heats at con-

stant pressure and volume respectively. The sound wave equation may thus

be written in the form,

2 2
k., vz(-g-f) 2 av? vres |_1—(§n +c) + X (1-1)] 2 *n
at s “P,T 3t A )

(29)

(o]
-1 € 2 g2 o 2 2 2

-(8 m) po'a'B),c"s Ve g2 - T CE)) E® (de/ ap° V" P .

]

The last term arises from the gradient of 3€/3p in Eq. (22), as evaluated by

means of Eq. (27). This term was inadvertently omitted by Hang.17 It leads

to an additional contribution of the intensi(y dependent Brillouin shift.l?

The Stokes wave equation (25) is riduced to the fomm,

2 e(wo) BZE. 1 (ae) az(P- F‘L) + 1 > (ae) az(c EL)
c,T P,T

(30)

V'E «or ——F = = - -
s c 2 atz 2 \3P atz ac atz

o o o U

N

The concentration equation (24) takes the form,

oLl L ;f e - for, (g%)TJl ? (%%:)P T TR e

. Lo
! 9 2 2 (3¢
- {8"% (SE)TP l D E v (ﬁc)p'r *



The last term may be evaluated by means of Eq. (28) in terms of Vzp1 and
Vzcl. It corresponds to an intensity dependent frequency shift of the
stimulated concentration scattering, analogous to a similar term in Eq.
(29) for the Brillouin scattering.

The set of three coupled equations (29-31) for Eg» P, and <,
may now be solved by the same procedure as followed by Herman and Grayls
for the case of thermal Brillouin scattering in a one component fluid,
wvhere the three variables were E.. Py or A and Tl'

Since the characteristic relaxation times for diffusion and acous-~
tic damping are assumed to be short compared to the laser pulse duration we
may look for a steady state solution for E.. The imaginary part of the wave
vector of the Stokes wave due to the driving terms on the right side of Eq.
(30) determines the amplitude spatial gain constant of the stokes wave. We
thus solve the two inhomogeneous Equations 29 and 31 for pi and ci in terms
of E, and substitute into Eq. (30), using the "ansatz" (26). One thus finds

the power gain constant for combined stimulated Brillouin - concentration

scattering,

3p) (2¢
l?‘I. 2 w. 2 ez V.Z kz Yovoz “’2 dc )P T( C)P Tnkz
GB -h~16n’cn (D™ + 1w) P v P aL *
o€ o o ) QD (5E)
P,T
2 2
2 _ 2 z_) 2 (3¢ _a_c)
("’B W'+ do Py R (3c )L'! Dkl' LP Y, v"2 (ac P,T
+ P gﬂ = P (32)
° (3¢ o
P,T
-1
ap
2 2 l‘2 2 v.2 wz Dkz lp (ac )P T
x (mB -w +1.cm'-5—) (Dk® + 1w) + 7 2 .
(<] o
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The following abbreviations have been used,

2 2
2 2 Yo B ) 2
“B -(Vs T 4mp (e+2) LS (33

Y, = o(‘—‘—e) = 3} (e-D (e+ )
c,T

ck
0s

w-ul.-ws’kl.-'k*.ks’ms-n *

The expression (32) shows large resonant values of the gain in the vicin-
ity of w = wy (stimulated Brillouin gain) and in the vicinity of w = o
(stimulated concentration gain). The latter may be nearly uncoupled

from the Brillouin gain and is approximately given by,

w k2D (3e/3c) . |E |2
C = s P,T 'L w (34)
c len nc o (aulac)P'T wz + I)2 klo c

It sassumes a maximum value for a small stokes shift w =D kz. We may

2
vrite G, _ = g I, vhere IL'co“IEL' /8 1 18 the laser intensity and

the gain coefficient for stimulated concentration scattering is given by,

2
k_ (3€/3c)
g = s P,T . (35)

c 3
4con po_ (aulac)P,T

The resonance at w = Wy leads the usua) stimulated Brillouin gain

with the maximum gain factor given by,

2
2 9€
. w.IBLI %(a_pl“’n
-2
vs r

32Wc° n

c (36)

B, max - sB:[

L ?
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where

2
2¢)
ks po(ap

- KY )
L 3 S
2cn kvg g
and . (38)
2 2 2
L " 1 1 2y (Ae)
I = = — [3n 4T+ (G -g) ¢+ 1
T 25, '3 e % Q) Velpr
° ¢ /p,1
’ .

In a binary mixture the sound wave has an extra damping.term (last
term of Eq. 38) due to the coupling with the concentration fluctuation.l8 This
extra damping depends on (—%fL)i % and consequently the sound wave is heavily

’
dasmped in a mixture with a large difference of component masses. The
threshold of stimulated Brillouin scattering is increased by mixing.
The ratio of the gain constants for. stimulated concentration and Brillouin

scattering is,

2
g ) k vy (BE/BC)P,T

% zp’ @ean w0,

C

. 39

From Eqs. (38) and (28) it follows that a large difference in polarizability
and a large difference in mass of the two components is favorable to make
this ratio appreciable. Furthermore, the total density or pressure should
be kept low, because the ratio is inversely proportional to the density.
This is a conzequence of the fact that 8, is proportional to the density,
but 8g increases proportional to the square of the density, as the acoustic

damping constant is inversely proportional to the density.19
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For a gaseous mixture Eq. (39) can be simplified with the aid of

Eqs. (11), (27), and (28) to,

& ) kvsnT
8y ZNKBT

withn . given by Lq. (38).

c' (1-c') (0.1- 012)2

[al c' + (1-¢') a2]

A-19
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V. Numerical Results and Comparison with Experiment

1f one substitutes typical values for a liquid mixture into
Eq. (39), the ratio is found to be very small compared to unity. For
example, a mixture of n-hexane (58 percent weight concentration) and
nitrobenzene (42 percent) gives gc/gB ~ 1.25 x 10-5. This throws doubt
on the interpretation of the expe¥1ment described in reference 7. Near
the critical point in a binary mixture, where 3u/dc -+ 0, the concentra-
tion gain could become large. The diffusion constant D approaches zero
at the same time. The correlation length and correlation time for the
concentration fluctuations becomes very long, --10-3 sec. The steady
state analysis breaks down for solid state laser pulses, and even for
gas laser beams it would be difficult to keep the required coherence for
such long times. A transient analysis must be made and the experimental
difficulties would be further enhanced by the large spontaneous critical
opalescence, although amplification of this spontaneous emission at high
intensities may well be detectable.

Even for gaseous mixtures it is difficult to obtain a ratio gc/gB
comparable to unity. It should be kept in mind that the total pressure
cannot be decreased arbitrarily, because the parameter y in Eq. (20) would

become too small and the kinetic regime would take over. Also the required

path length to obtain appreciable overall gain would be too long.

In table II, we have calculated numerical values of the constants
which appear in 5 and gg as a function of helium concentration, for a gas-
eous mixture of SF6 and He at ten atmospheres total pressure and T = 300°K.
The diffusion constant D = ,03747 cmzlsec and viscosity are calculated from
Eqs. (17) and (18), using the tabulated Lennard-Jones potential parameters

(ref.11). The adiabatic sound velocity is calculated using the expression
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v, " [(c'Y1 + (1-¢') Yz) kBT/(c'm1 + (1 -¢') mz)lllz. The high fre-

quency specific heat ratio for He and SF6 are taken to be Y, " 1.667 and

20
Ty

lated from Eqs. (37), (38) and (40) respectively.

Y, = 1.333, and the gain coefficient and ratio 8g? gc/gB are calcu-

We have also calculated the gain coefficients gBand gcfor a mix-
ture of five atmospheres of SF6 as a function of the additional helium
pressure. The results are pletted in Figure 1. It is seen that stimula-
ted concentration scattering may be expected to dominate when thé concen-
tration of helium is around 0.85. The gain ratio becomes larger mainly
because the damping of sound wave increases and the Brillouin gain becomes
smaller. Thus, in order to be able to see the stimulated concentration
scattering one has to increase the laser power from the value used in
obtaining the stimulated Brillouin scattering. The expected frequency
behavior of the stimulated back-scattered light has been plotted in Tigure 2,
The frequency shift should increase for the stimulated Brillouin scattering
when helium is added in SF,. As the concentration gain becomes larger than

6

the Brillouin gain one wculd see a sudden decrease in the frequency shift.
The numerical results for-nixturel of helium and Xenon gas are

given in table III. These results should be compared with the data repor-
ted in reference 8. The experiment in reference 8 was done for a Xe and He
mixture with He concentration c' = C.9. At this concentration the Brillouin
shift should be 0.0479 cm ' instead of 0.055 cm » reported. According to
table III the gain ratio at a total pressure of 3 atm should be gc/gB-Zl in
contrast to gc/gB-O.l as estimated in reference 8. The observed concentra-

2
tion shift 0,033~ 0,042 cm™t agrees with the value A v = 5=— = 0.032 el
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Fig. 1. The backward Brillouin and concentration gain coefficients as
functions of He partial pressure (in atm.) keeping the partial
pressure of SF6 at 5 atm.
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Fig. 2. The Stokes frequency shift of the backward scattered light from
a mixture of SF, and He as a function of He concentration,
starting with five atmosphere SF6'
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At a higher total pressure the stimulated Brillouin should take ovar the
stimulsted concentration scattering as suggested in refarenca 8, howevar
this should not occur at a total pressure as low as 4 atmospheres. In
conclusion, the theoretical calculations presanted in this paper are in
partial sgreement with the observation in refarenca 8, however the agrae-
ment is not conclusive. Further experimental investigation of the stim-
ulated concentration scsttaring as a function of conceatretion and totsl
pressure of the mixture is raquired. Praliminary observations on 8!6-Hc
-1xtura9 have shown that the onset of stimulated concentration scatter-
ing can occur at a rather high total pressure. It is claar that in prob-
lems relating to the propagation of intense light beams in the atmosphare,

stimulated concentration scattering may be ignored.
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ABSTRACT ¢

Stimulated Rayleigh scattering caused by concentration

fluctuations in a non-absorbing binary gaseous uixture“iu) ! J
bun’”ob‘nmd';j‘ The experimental results are in good aérec—

ment with theoretical expectations./ )
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Stimulated Rayleigh scattering due to temperature fluctua-
tions has been obserQed'in liquids and gases, especially when
1ight absorption is pr:lzsent.]'-3 Stimulated Rayleigh wing scat-
tering from anisotropic molecules was observed even earlier.4’5
The possibility of observing the stimulated Rayleigh scattering
from concentration fluctuations in a binary mixture of fluids
was first suggested by Bespalov and Kubarev.6 Their observation
of stimulated Rayleigh scattering in a binary liquid mixture pro-~
bably has a different origin, since a detailed theoretical analy-
sis of ctimuiated concentration scatteting7 shows that the stimu~
lated concentration‘gain coefficient in the liquid mixture ghould
be several orders of magnitude smaller than the stimulated Brillouin
gain. Aref'ev and Morozov8 have reported the observation of stimu-
lated concentration scattering in a mixture of three atmospheres of
helium and 0.3 atmospheres of xenon. The interpretation of their
experimental results is, however, inconclusive for the following
reasons: a) The quoted pressures are so low that the hydrodynamic
theory of concentration fluctuations is not valid and a kinematic
theory should be used. b) The effect was not qbservable at higher
pressures, in disagreement with the theory of stimulated concentra-
tion scattering. c¢) The effect was obset&#ble only with the simul-
taneous presence of a spark discharge in the gas cell. This may

cause thermal Brillouin and Rayleigh scattering to occur.9



It is the purpose of this note to report experimental results

which sre in good agreement with the theory of stimulated concen-
tration scattering. A mixture of SF‘ and He was chosen in our
experiments, because the theory shows that « large difference in
polarizability and mass is required, if the stimulated concentra-
tion gain is to become comparabie to the Brillouin gain.7 Further-
more, the totally symmetric molecule SF6 avoids the competition
from Rayleigh wing scattering and selffocusing caused by moleéular
reorientation. It is important to keep the total pressurellow
because the Brillouin gain coefficient 8y increases proportional
to the square of the pressurelo and the stimulated concentration
gain coefficient B increases proportional to the pressure itself,
i at a given relative concentration. The partial pressures of the
two components of the mixtures studied were 5 atm. SF6 and O to
F 33 atm, He. The stimulated Brillouin effect was observable in the
pure SFb with pressure of 5 atm. at room temperature.
In our first experiments the decrease in Bp» vhen He is added
to SF6, was observed as an increase in threshold power to obtain
backward scattered Brillouin radiation. This is caused by the dras-
tic increase in damping of hyperaonic waves in a mixture with unequal
masses. When the partial He pressure excééded that of SFG’ a decrease
in the Stokes shift of the backward scattered }ight was noted. Since

the threshold for stimulated concentration oscillations was very high

e




ES

and the concentration stokes shift is small, there were experimental
difficulties in controlling the frequency spectrum of the ruby laser
and avoiding discharge plasma formation. More definitive results
were obtained with the gas amplifier cell arrangement shown in
figure 1.

A low power ruby laser oscillator, followed by a ruby laser am-
plifier yielded 100 MW of power in a 20 nanosecond pulse with a spec-
tral width of .005 cm L. The collimated beam with cross section of
1 cm2 is focused into the gas cell by a lens with 25 cm. focal length.
In mixtures with He concentration greater than 40X, no stimulated
oscillations occurred under these conditions. After passage through
the gas cell, the ruby light becam was recollimated and then focussed
into a cell containing nitrobenzene. Nitrobenzene has a continuum
backward scattered spectrum6 with a Stokes shift between O and 0.6 cm-l
due to Rayleigh and Rayleigh-wing scattering with the superposition
of a strong stimulated Brillouin signal with a Stokes shift of 0.2'cm-1
This spectrum provides a suitable input signal for the gas cell which

1l 1

can amplify light with Stokes shifts between .019 cm ~ and .005 cm

depending upon the He concentration of the mixture, and does not ampli-
fy the nitrobenzene Brillouin component. The power gain in the gas
amplifier cell was on the order of éb. This low gain has the advan-
tage of more nearly satisfying the condition for steady state ampli-
fication during the pulse. With characteristic time T = 0.5 x 10-8

sec. for the concentration fluctuations, steady state conditions should
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be approached during a pulse of 2x10-8 sec. duration.
The input and output signal of the gis cell were spectrally
analyzed in Fabry-Perot interferometers with free spectral ranges

1 and 0.083 cn-l. The input and output signals were dis-

of 0.5 cm
tinguished in the usual way by orthogonal polarizationsl and an
example of the experimental data taken with the low resolution
Fabry-Perot is shown in figure 2. Attenuated ruby laser light and
nitrobenzene Brillouin light provided calibration rings.

It was observed with the high resolution Fabry-Perot that the
frequency of the Stokes shifted light which had the maximum gain
in the gas cell c?anged as a function of the partial helium.pres-
sure in the mnﬁner shown in figure 3. At low helium éressureu the
amplified Stokes shift corresponds to the Brillouin shift in the
gaseous mixture and increases somewhat with increasing helium con-
tent in good agreement with the theory of the Brillouin eff;ct.
The theoretical curves for the adiabatic and isothermal effect arél
drawn for comparison. We do not wish to draw any conclusions about
which of these regimes should apply, but attention should be direc-
ted to the relative trend of the Stokes shift of the amplified light.
When the partial helium pressure exceeds 8 atmospheres, while the S 6
partial pressure is kept constant at 5 atdospheres, the Stokes shiff
of the amplified light decreases rapidly away from the Brillouin shift,

and approaches the very small value of .005 cm-l characteristic of the

stimulated concentration scattering. The cross-over occurs precisely
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.05 1 | | | | | 1 | l/
I _-_}BRILLOUIN' SHIFT CALCULATED
ADIABATIC | ,
FROM {ISOTHERM AL}SOUND VELOCITY
BIP e CONCENTRATION RAYLEIGH ]
SHIFT /

[ o EXPERIMENTAL SHIFT /

SFe N 4 | 6 8 He

Fig. 3. The Stokes frequency shift of the amplified light in a gas cell with a
partial pressure of 5 atm. SF,, as a function of He concentration.
The drawn curves are theoretically calculated Stokes shifts for the
pure Brillouin and pure concentration mode.




dn the region where the ratio gc/sB is about Pnity according to
the thoory.7 It should be noted that the hypersonic and the con-
centration mode are heavily damped ané overdamped respectively at
these compositions of the gas mixturs. The theory does not permit
a clean separation in a pure Brillouin and pure concentration mode
as suggested by the drawn lines in figure 3. The experimental
results are in good agreement with the existence of a mixed mode
transition from dominant stimulated Brillouin scattering to domin-
ant stimulated concentration scattering.

The authors wish to thank Dr. W. S. Gornall, Dr. M. Matsuoka
and Dr. F. Shimizu for helpful discussions and assistance during

the course of the experiments.
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